Fanconi anaemia (FA) is an inherited progressive bone marrow failure and cancer susceptibility syndrome, with both autosomal-recessive and X-linked patterns of inheritance[@ref1][@ref2]. Fanconi anaemia is characterized by progressive pancytopenia, congenital anomalies (thumb and skeletal deformities), growth retardation, renal malformations, abnormal skin pigmentation and high predisposition to acute myeloid leukaemia (AML) and other malignancies[@ref3]. However, the phenotypes of FA patients vary from severe symptoms to moderate, or even none at birth. Cellular hypersensitivity to DNA cross-linking agent such as mitomycin C (MMC) or diepoxybutane (DEB) is a gold standard for diagnosis of FA[@ref4]. Clinical diagnosis of FA is further supported by a delay in the G2 phase of the cell cycle[@ref5].

Seventeen genes belonging to the family of Fanconi anaemia complementation groups (*FANCA*, *FANCB*, *FANCC*, *FANCD1 or BRCA2*, *FANCD2*, *FANCE*, *FANCF*, *FANCG*, *FANCI*, *FANCJ or BRIP1*, *FANCL*, *FANCM*, *FANCN or PALB2*, *FANCI*, *RAD51C*, *FANCP or SLX4* and *FANCQ*) have been identified[@ref6]. Furthermore, at least 13 distinct complementation groups of FA (genetic subtypes) are recognized[@ref7]. The relative prevalence of each FA subtype varies widely according to the ethnic origin of the studied populations. Fanconi anaemia complementation group A (FANCA) is predominant in North America, South Africa (the Afrikaner population), Italy, Japan, and Turkey[@ref8][@ref9]. The largest complementation group is *FANCA* (60-65%) and together with *FANCB*, *C*, *E*, *F*, and *G* account for over 90 per cent of all FA cases[@ref10][@ref11]. The *FANCA* gene has 43 exons, and is on chromosome 16 (16q24.3), spanning about 80 kb of genomic DNA. It has an open reading frame of 4,365 bp and encodes 1,455 amino acids, with 32 variants[@ref12].

The proteins encoded by the FA genes are assumed to act in a common pathway, termed the FA/BRCA pathway[@ref13][@ref14]. A nuclear multi-protein complex composed of the products of the *FANCA*, *B*, *C*, *E*, *F*, *G*, *L* and *M* genes is required for conversion of the small form of the *FANCD2* product in the monoubiquitinated larger form, *FANCD2-L*. These modifications cause this protein (a monoubiquitinated form of *FANCD2* product) directed to the site of the damaged chromatin where it interacts with other proteins, resulting in the repair of the damaged complex[@ref15][@ref16].

Knowledge of the mutation spectra of the FA genes is necessary to understand the pathogenesis of FA, and this spectra vary in different ethnic groups[@ref17][@ref18][@ref19].

Complementation study or sub-typing of the patients in the FANCA group is the first step in the mutational analysis of the *FANCA* gene. However, mutation screening methods such as single-strand conformation polymorphism (SSCP), restriction fragment length polymorphism (RFLP), multiplex ligation-dependent probe amplification (MLPA) and DNA sequencing are time-consuming and expensive. Hence, in this study, a novel method was developed which was not only cost-effective, reliable and sensitive, but covered all types of mutations, and included PCR, high resolution melting (HRM) curve analysis, real-time reverse transcription (RT)-PCR and sequencing.

Material & Methods {#sec1-1}
==================

*Patients and sample collection*: Patients selected from 318 families were supposed to have Fanconi anaemia (FA). These families were referred to the Iranian Blood Transfusion Organization (IBTO) for confirmation of FA based on the standard test involving MMC-induced chromosomal breakage analysis[@ref20]. Most of the patients and their cytogenetic status have been described by Tootain and colleagues[@ref21]. The present study was carried out between 2010 and 2012 and most of experimental work was done in the division of Medical Genetics, National Institute of Genetic Engineering and Biotechnology (NIGEB), Tehran, Iran.

Of the 318 families sent for MMC testing, 70 families had FA-affected children (positive test). From these 70 families, 40 families agreed to molecular genetic testing. In total, there were 27 live patients ([Table I](#T1){ref-type="table"}). The whole blood sample (10 ml) was obtained in EDTA from these patients and their family members. All subjects enrolled in this study gave written informed consent. The study protocol was approved by the Ethics Committee of the NIGEB, Iran.

###### 

General manifestations of Fanconi anaemia (FA) families (n=40)
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The general manifestations of the 40 families with diagnosed FA patients are summarized in [Table I](#T1){ref-type="table"}. Clinical data were obtained based on history, physical examinations and reviewing medical records in the archives of the Iranian Blood Transfusion Organization and MAHAK hospital. These data are shown in [Table II](#T2){ref-type="table"}.

###### 

Clinical manifestations of the patients (n=27)
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*Genomic DNA extraction*: Genomic DNA was extracted from fresh whole blood samples of patients using the Tadbir Tissue and blood DNA Extraction Kit (Tadbir DNA Extraction Kit, Tadbir Fan Azma Company, Iran). The genomic DNA samples were utilized to create a DNA bank for further studies.

*RNA isolation and cDNA synthesis*: Total RNA was isolated from the whole blood samples of patients using the High Pure RNA Isolation Kit (Roche, Germany), according to the manufacturer\'s instructions. The first-strand cDNA was synthesized by using the RevertAid First Strand cDNA Synthesis Kit (K1622, Fermentas, USA), as specified in the manufacturer\'s instructions.

*RT-PCR analysis*: The entire cDNA of *FANCA* was amplified via 21 pairs of specific primers which had an overlap of 8 to 48 nucleotides with each other (cDNA walking). The primer sequences are shown in [Table III](#T3){ref-type="table"}. The PCR primers were designed according to the published nucleotide sequence of the *FANCA* cDNA available in the Ensembl Genome Browser (<http://www.ensembl.org>) and by using the Oligo primer analysis software version 5, (<http://www.oligo.net>).

###### 

Specific primers used to amplify *FANCA* cDNA
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The cDNA of patients samples were amplified by using the PCR Kit (CinnaGen, Iran) following the manufacturer\'s protocol. The PCR reactions were performed in a total volume about 25 µl containing 50 ng of cDNA, 0.5 µl of each primer (5 pmol), 1 µl of dNTP (2 mM), 5 µl of 10 x reaction buffer with MgCl~2~ and 0.3 µl (1.5 U) of *Taq* DNA polymerase, (DNA free tested - mi-E8001L, Metabion, Germany). The PCR conditions were: 5 min at 95°C; then 35 cycles of 45 sec at 94°C, 10-60 sec at 56-68°C, and 45 sec at 72°C; and a final 5 min at 72°C. The smallest PCR product was 175 bp and the largest was 260 bp. The resulting PCR products were subjected to 2 per cent agarose gel electrophoresis, followed by ethidium bromide staining.

*High resolution melting (HRM) curve analysis*: The HRM analysis was carried out by using the Rotor-Gene 6000 Multiplexing Instrument (Corbett Research Pty. Ltd., Australia). All primers for real-time PCR and HRM analysis were the same as those mentioned in [Table III](#T3){ref-type="table"}.

To validate this assay, the normalized melt and HRM curves for each of the 21 fragments were determined, utilizing the samples (cDNA) from 10 normal individuals. When normalized melt and HRM curves were established for each fragment, their resulting products were sequenced with the same forward or reverse primers. The sequencing results were aligned with those in the National Center for Biotechnology Information (NCBI) database (<http://www.ncbi.nlm.nih.gov>). If the query sequence had 97 per cent or greater similarity, its melt and HRM curves were accepted as a reference. The patient samples were then compared with these. The entire coding regions (cDNA) of the *FANCA* gene belonging to both healthy individuals and FA patients were amplified in the 21 overlapping fragments.

[Fig. 1](#F1){ref-type="fig"} shows an example of the normalized melt and HRM curves regarding fragment 19. The profile of the programme for amplification of this fragment was: 10 min at 95°C; then 45 cycles of 45 sec at 94°C, 20 sec at 56°C, and 20 sec at 72°C. For the HRM curve: wait for 90 sec of pre-melt conditioning on the first step at 70°C, rising by 0.1°C in each step and wait for two seconds for each step afterwards. The temperature ramp was from 70 to 95°C. Reactions were performed in a total volume of 15 µl that included 5 ng of cDNA, 0.3 µl of each primer, 4 µl of Master Mix (SensiMix HRM Lot No: 908/SMH, Quantace, Bioline, USA), 0.5 µl of EvaGreen dye (Lot No: 908/EG, Quantace Bioline, USA) and water.

![An example of HRM normalized graph of fragment 19. **A:** Amplification curve, **B:** Melt curve, **C:** HRM analysis curve, **D:** HRM normalized graph.](IJMR-143-184-g004){#F1}

*Nucleotide sequencing*: Significant aberrant patterns in the HRM curves of patients samples were sequenced by the ABI 3730XL, capillary DNA sequencing system (Macrogen, Korea) in both directions. The primers used for sequencing were the same as those used for PCR ([Table III](#T3){ref-type="table"}). Sequence data were analyzed by using the *FANCA* cDNA sequence available in the Ensembl and NCBI databases as reference sequences.

*PCR with genomic DNA*: To confirm genomic deletion of the *FANCA* in patient 610011, for whom an HRM curve was not obtained after fragment 3, another pair of primers was designed for exon 13 and intron 13. The PCR primers were designed according to the published nucleotide sequence of *FANCA* in the Ensembl database, and by using the Oligo primer analysis software version 5.

The sequences of primers were: forward, 5'- GCGGACACACCCTCTGCTCACC-3', and reverse, 5'- CGCAGCCCCCTCACTTCCCAC-3'. The PCR conditions were: 5 min at 95°C; then 40 cycles of 60 sec at 95°C, 30 sec at 61°C, and 40 sec at 72°C; and a final 5 min at 72°C. The PCR reactions were performed in a total volume of 25 µl. The resulting PCR product was 351 bp, which was subjected to 2 per cent agarose gel electrophoresis, and visualized by ethidium bromide staining[@ref19].

*Real-time RT-PCR for expression study of FANCA*: Real-time quantitative PCR is carried out by using the Rotor-Gene 6000 Multiplexing Real-Time Instrument (Corbett Research Pty. Ltd., Australia) with the newly released software version 1.7 (website: <http://www.corbettlifescience.com>).

Real-time RT-PCR was used to investigate the expression of patients samples relative to a housekeeping gene (*GAPDH*). The sequences of *GAPDH* primers were: forward, 5'-GCAGGGGGGAGCCAAAAGGGT-3', and reverse, 5'-TGGGTGGCAGTGATGGCATGG- 3'. Real-time reactions were carried out in a total volume of 10 µl containing 5 ng of cDNA, 0.3 µl of each primer, 2 µl of Master Mix, plus SYBR Green1 (LightCyler Fast Start DNA Masterplus SYBR Green1, 03515869001, Roche, Germany) and water. Real-time conditions were: 5 min at 95°C; then 50 cycles of 10 sec at 95°C, 10 sec at 59°C, and 25 sec at 72°C. The resulting 219 bp product was subjected to 2 per cent agarose gel electrophoresis, and visualized by ethidium bromide staining.

Data analysis was carried out by using the LinReg software (version 11.0), <http://LinRegPCR.nl>), according to the manufacturer\'s instructions.

Results {#sec1-2}
=======

The patients' clinical, haematological and parental information was collected, and their past medical histories were recorded in individual forms. The lineage was constructed up to three generations. Although autosomal-recessive patterns were observed, no X-linked pattern of inheritance was detected.

In total, there were 24 males, and 20 female patients from 40 families. The male/female ratio (M/F) was 1.2: 1. In four families (designated; family 3, 5, 9 and 30), there were two FA-affected children (a boy and a girl) in each family. Families 3 and 9 had consanguineous marriages, but families 5 and 30 had non-consanguineous unions. The age of patients varied from 5 to 51 yr. More than 77 per cent of the FA patients were from families who had consanguineous marriages, and their degree of kinship was that of first cousins. Six families with non-consanguineous unions had ailing children. Eighteen patients (40.9%) received bone marrow transplants (BMT), four of whom died in less than seven months following BMT. Twenty patients (45.45%) received androgen therapy, and premature puberty was observed in one of them. Twenty one patients (47.72%) received blood transfusion ([Table I](#T1){ref-type="table"}).

One of the families without a consanguineous marriage (family 19) had a twin pregnancy. They had two children, one of whom was FA-affected and the other, healthy. The bone marrow of the healthy child was used to treat the FA-affected one ([Table I](#T1){ref-type="table"}).

Low birth weight was found in 20 (45.45%) patients. Eighteen (40.9%) patients had delayed milestones, and skin pigmentation was seen in 17 (38.63%). Skeletal malformations were present in 13 (30%) cases, which consisted of mainly thumb abnormalities (dual, hypoplasic). Short stature was prominent in 21 (47.72%) patients. The ultrasound study of the abdomen in 10 patients (22.72%) revealed a kidney abnormality (displacement or one kidney). In three patients lymphoma and acute myelogenous leukaemia (AML) had developed. Four (9.09%) patients developed abnormal ears. However, none of the patients had heart problems ([Table II](#T2){ref-type="table"}).

*High resolution melting data analysis*: Altogether, changes in the HRM curve were found in 14 patients samples ([Table IV](#T4){ref-type="table"}). Alterations in HRM and their melt curves in the 14 patients samples were investigated and compared with the corresponding HRM and melt curves of normal fragments. The shift in the HRM curve of fragment 20 (exon 39, 40 and 41) form patients 61004, 61006, 610010, 610012 and 610013 was conspicuous (Fig. [2a](#F2){ref-type="fig"}--[f](#F2){ref-type="fig"}). In a patient (610011), with the exception of fragments 1, 2 and 3, the HRM curve of other fragments could not be detected. Therefore, this patient was designated as having a large genomic deletion, which was estimated to be 60 kb in size. The absence of an HRM curve was further confirmed by PCR of genomic DNA, as mentioned previously.

###### 

HRM data of FA patients (n=14)
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![Shift of HRM curve in five samples (a-f).](IJMR-143-184-g006){#F2}

*Sequencing analysis*: After selecting the shift in the HRM curve of five patient samples (61004, 61006, 610010, 610012 and 610013), the HRM products of the corresponding fragments were sequenced.

Sequencing data of the patient 61004 showed an insertion of a single thymine (T) base at residue 4048 (c. 4048_4049insT) and change of the guanine (G) to the adenine (A) base at residue 4049 (c. 4049G\>A) in exon 41. This alteration in the sequence was novel, leading to an altered stop codon ([Fig. 3](#F3){ref-type="fig"}). In patient 61006, sequencing data showed the insertion of a single T base at residue 4046 (c. 4046_4047insT) in exon 41. This sequence alteration was also novel, leading to a frame-shift mutation and thus an altered stop codon, 40 nucleotides afterward ([Fig. 3](#F3){ref-type="fig"}). As for patient 610010, sequencing data showed the insertion of a single A base at residue 4021 (c. 4021_4022insA) in exon 41, resulting in a frame-shift mutation and then an altered stop codon, 12 nucleotides afterward, thus pointing to another novel sequence alteration ([Fig. 3](#F3){ref-type="fig"}). Another new alteration, in the sequence leading to an altered stop codon, was also observed in patient 610012, whereby a change of the G base to the cytosine (C) base at residue 4046 (c. 4046G\>C), and insertion of a single T base at residue 4048 (c. 4048_4049insT) in exon 41 were detected ([Fig. 3](#F3){ref-type="fig"}). Sequence data of the patient 610013 indicated a change of the A to the G base at residue 3982 (c. 3982A\>G) in exon 40 ([Fig. 3](#F3){ref-type="fig"}). This sequence alteration led to substitution by an alanine (Ala) instead of a threonine (Thr) (p. Thr1328Ala).

![Sequence alterations in five samples.](IJMR-143-184-g007){#F3}

In the case of patient 610011, following amplification of fragment 3, no such curves were detected in the remaining fragments, indicating the possible presence of a large genomic deletion (exon 8 to 43). In order to confirm this deletion, we chose randomly a position on the DNA between exon 12 to 14, and accordingly, designed a pair of primers for that region. The PCR was carried out by using normal, her parents and the patient\'s genomic DNA as template. The PCR of the corresponding region for the patient did not show an amplified product. Hence, deletion of almost the entire gene (nearly 60 kb) appeared to be the cause of FA in this patient (610011).

*Real-time expression analysis*: A study of the quantitative expression of *FANCA* as compared to the *GAPDH* gene (a housekeeping gene) was carried out. The raw real-time data were analyzed by the LinReg software (version 1.7), in accordance with the manufacturer\'s instructions.

The expression of six samples (61004 -- 61006 -- 610010 -- 610011 -- 610012 and 610013) relative to the *GAPDH* gene was investigated. All six samples showed a decrease in *FANCA* expression. The results are summarized in [Fig. 4](#F4){ref-type="fig"}.

![Relative expression ratio of *FANCA* gene in six samples.](IJMR-143-184-g008){#F4}

Discussion {#sec1-3}
==========

In this study, clinical data from 40 families with 27 live patients were collected and investigated. Because complementation analysis was not studied in Iran, a strategy involving PCR, HRM, real-time RT-PCR and sequencing was designed to identify the spectrum of sequence alterations in the cDNA of the *FANCA* gene. Twenty one pairs of specific primers were designed to cover the entire cDNA of *FANCA*. In the human genome, HRM has 64 per cent sensitivity with a T~M~ melt curve shift of \> 0.5°C with regard to detection of C/T and G/A base changes. In general, the more base changes in the DNA sample, the easier these are to be detected by HRM[@ref22].

There are certain limitations in the HRM procedure. DNA fragments should not be more than about 250 bp. Furthermore, formation of primer-dimmers or non-specific products can complicate the interpretation of HRM results. These complications can be eliminated by subjecting the HRM product on 2 per cent agarose gel electrophoresis, followed by visualization using ethidium bromide staining, and double-checking the HRM programme.

*FANCA* is a large gene (≈ 80 kb), and comprised 43 exons. Hence, screening of mutations with MLPA or the sequencing approach can be technically demanding, time-consuming and expensive. However, with the approach used in this study; five sequence alterations and one large deletion were identified.

In patients 61004 and 610012, the stop codons perhaps caused premature termination of translation, yielding a truncated protein, thus resulting in the disruption of gene function. In patients 61006 and 610010, frame-shift mutation and a subsequent altered stop codon could be a cause for premature termination of translation.

These sequence alterations have not been previously reported in the Fanconi Anemia Mutation Database (<http://www.rockefeller/fanconi/mutate>), and hence, can be regarded as novel.

Sequence alterations in patient 610013 \[a substitution of threonine (Thr) (p. Thr1328Ala) with alanine (Ala) amino acid\] has been previously reported as an SNP, and described in the Fanconi Anemia Mutation Database. This observation has also been previously reported by Levran and colleagues[@ref23]. In patient 610011, a surprisingly large genomic deletion was detected between exon 8 and 43, which has also not been previously reported. Hence, it can also be regarded as novel. None of these sequence alterations were detected in the 100 control alleles. In these six patients samples, *FANCA* expression was found to be reduced or downregulated when compared to that of *GAPDH*.

In the absence of functional data, it is difficult to determine conclusively whether an observed variation in sequences represents a pathogenic mutation. Although the sequence alteration is predicted to truncate the protein and change its conformation, such a variation in sequence is highly likely to be a pathogenic mutation. Additionally the results of this study (particularly that of patient 610011) have shown that HRM analysis may serve as an alternative to the MLPA.

Fanconi anaemia exhibits a high frequency of chromosomal damage and has the risk of malignancies due to genetic rearrangements. Various cancers have been reported in this regard, most notably acute myeloid leukaemia (AML)[@ref24]. The patient 61004 died due to AML, during the course of this study. Although, phenotype--genotype correlation in FA would be more meaningful based on molecular studies, in actual fact, these are highly varied.

In conclusion, males were found to be more affected by FA than females and a high frequency of consanguinity was observed in the affected families. Other common abnormalities detected in FA-affected individuals included short stature and upper limb deformities, especially congenital thumb abnormality. However, congenital abnormality of the kidneys was ruled out as a symptom of FA. Finally, the clinical features of the patients were so varied that a genotype-phenotype relationship could not be found.
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